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MASSACHUSETTS 


ABSTRACT 


An  EHF  waveguide  slot  array  was  developed  for  possible  use  as  a  recelve- 
only  paging  antenna  for  ground  mobile  terminals.  The  design,  fabrication,  and 
measured  performance  of  this  antenna  are  presented.  The  antenna  generates  a 
circularly  polarized  fan  beam  that  Is  narrow  In  azimuth  and  broad  In 
elevation.  When  mechanically  rotated  In  azimuth,  It  can  receive  a  20-GHz 
satellite  transmission  Independent  of  mobile  terminal  direction.  Azimuth 
plane  sidelobe  levels,  which  are  typically  <-40  dB  from  the  main  lobe,  provide 
for  discrimination  against  ground  and  airborne  Jammers. 
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I.  INTRODUCTION 

A  possible  requirement  for  a  ground  mobile  terminal  is  the  capability  of 
receiving  a  20-GHz  "call-up"  (paging)  satellite  transmission  while  the  vehicle 
is  In  motion.  Since  the  vehicle  is  In  motion,  the  azimuth  to  the  satellite  Is 
constantly  changing.  An  antenna  which  Is  omnidirectional  In  azimuth  would  be 
able  to  receive  the  satellite  signal  independent  of  vehicle  direction. 
However,  the  omnidirectional  pattern,  having  a  low  gain,  requires  excessive 
satellite  EIRP  (effective  isotropic  radiated  power)  and  also  provides  no 
discrimination  against  ground  and  airborne  jammers.  An  alternative  approach 
Is  a  fan  beam  antenna  with  a  pattern  that  is  narrow  In  azimuth  and  wide  in 
elevation.  The  antenna  must  then  be  rotated  in  azimuth  to  scan  the  complete 
hemisphere.  One  antenna  suitable  for  providing  a  fan  beam  Is  a  waveguide  slot 
array.  This  report  deals  with  the  development  of  such  an  array. 

The  design  goals  of  the  proposed  antenna  are  listed  below: 

20.45  GHz 
500  MHz 
-  25.0  dBi 
1.75° 

30  dB  below  main  lobe 
70° 

<1.5 

~  24  inches 


Center  Frequency 

Bandwidth 

Gain 

Azimuth  Half-Power  Beamwidth 
Azimuth  Sldelobe  Level 
Elevation  Half-Power  Beamwidth 
Input  VSWR 
Antenna  Width 


1 


II.  DEVELOPMENT 

A.  Waveguide  Slot  Array 

The  array  design  problem  consists  of  (1)  determining  the  excitation 
coefficients  of  the  Individual  slots  to  achieve  the  required  performance,  and 
(2)  determining  the  slot  dimensions,  spacing,  and  angle  of  Inclination  to 
achieve  the  required  excitation  coefficients  and  input  VSWR.  A  computer 
program  was  generated  to  aid  In  solving  these  problems.  The  program  Is 
designed  to  compute  the  Individual  element  excitation  coefficients  for  a  given 
number  of  slots  and  a  specified  amplitude  distribution.  By  specifying  the 
conductance  of  the  last  element  (program  Input  parameter),  the  conductance 
values  of  the  preceding  elements  are  calculated  to  yield  the  speclflced 
distribution.  The  program  also  computes  the  resultant  Input  VSWR  of  the  array 
and  the  unrad lated  power  dissipated  In  the  load.  Element  spacing,  waveguide 
attenuation,  and  dimensions  are  parameters  Included  In  the  computations. 
After  the  design  parameters  are  chosen,  a  theoretical  E-plane  antenna  pattern 
is  plotted. 

A  resonant  array  (element  spacing  =■  Ag/2,  where  Ag  -  guide  wavelength) 
was  Initially  considered  to  determine  if  It  was  capable  of  providing  a  matched 
condition  over  the  required  2.5%  band.  The  computations  revealed  that 
although  the  antenna  would  be  well  matched  at  the  center  frequency 
(20.45  GHz),  the  Input  VSWR  would  quickly  deteriorate  and  would  not  support 
the  necessary  bandwidth.  Consequently,  it  was  necessary  to  use  a  nonresonant 
array  (spacing  slightly  smaller  or  larger  than  Ag/2)  to  provide  the  Impedance 
bandwidth  required.  Unlike  the  resonant  array,  which  radiates  a  broadside 
beam,  the  nonresonant  array  beam  peak  position  is  skewed  from  broadside  and 
its  skew  angle  is  frequency  dependent.  As  the  frequency  is  increased,  the 
beam  moves  toward  the  load  end  of  the  array.  Since  the  paging  antenna  is 
intended  to  be  rotated  continuously,  this  effect  is  expected  to  be  of  little 
consequence,  as  long  as  the  skew  angle  is  small. 
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To  determine  the  element  spacing,  two  factors,  the  input  impedance  and 
the  skew  angle,  must  be  considered.  The  expression  which  relates  the  skew 
angle  (0)  to  element  spacing  (£)  is  given  by^l 


sinQ 


_A  _A 
Ag  ~  21 


(1) 


where  Xg  “  guide  wavelength 

A  »  free-space  wavelength 


This  expression  shows  that  the  more  the  element  spacing  deviates  from  Ag/2, 
the  larger  the  skew  angle.  However,  when  the  element  spacing  approaches  Ag/2 
(0~O°),  the  discontinuities  created  by  the  individual  elements  are  in  phase 
and  an  increase  in  input  VSWR  results.  Interelement  spacing  of  0.43  inches 
(0.54  Ag)  was  computed  to  be  the  minimum  spacing  for  acceptable  VSWR  over  the 
frequency  band.  With  this  spacing,  the  calculated  skew  angle  varies  from  2.2° 
to  4.1°  over  the  band.  At  this  spacing,  56  elements  are  necessary,  and  thus  a 
24-inch  aperture  is  required  to  provide  the  desired  azimuth  beamwidth  and 
gain. 

For  ease  of  manufacturing,  inclined  slots  in  the  narrow  waveguide  wall 
(edge  slots)  were  selected  .  Since  the  narrow  dimension  of  the  waveguide  is 
substantially  less  than  the  half  free-space  wavelength  required  for  the  slot 
to  resonate,  the  slot  must  be  extended  into  the  broad  dimension  of  the 
waveguide  to  obtain  the  required  length.  To  determine  this  resonant  length 
(and,  therefore,  the  depth  of  cut  into  the  top  and  bottom  walls  of  the 
waveguide)  for  a  given  angle  of  inclination,  a  series  of  12-inch  test  arrays 
were  built**.  The  first  of  this  series  was  an  array  of  20  5°  slots  (i.e., 


*Any  linear  polarization  was  satisfactory  at  this  point,  since  it  was  Intended 
to  add  an  external  polarizer  to  the  array. 

**To  keep  the  waveguide  dimensionally  consistent  in  each  array,  all  the 
waveguide  sections  were  supplied  exclusively  from  one  10-foot  length. 
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inclined  at  5°)  cut  at  0.43-inch  spacing  into  the  narrow  wall  of  WR-42  copper 
waveguide.  (The  reason  for  using  a  large  number  of  slots  will  become  evident 
later.)  The  slots  were  cut  with  alternating  positive  and  negative 
inclinations  (see  Fig.  1)  to  enable  the  radiated  fields  of  the  slots  to  be  in 
phase  at  ~Ag/2  spacing.  The  test  array  was  then  placed  between  parallel 
plates  to  simulate  the  environment  in  the  final  design  (see  Figs.  2A  and 
2B).  The  separation  between  the  parallel  plates  (0.42  inches)  was  chosen  to 
provide  the  necessary  elevation  beamwidth  as  well  as  being  within  the  confines 
of  supporting  only  the  TE^q  mode  over  the  operating  frequency  range.  The  exit 
aperture  of  the  parallel  plate  medium  was  fitted  with  a  sliding  matched  load 
which  was  made  from  1/4-inch  free  space  absorber  (see  Fig.  2B).  This  load 
minimized  reflections  from  the  parallel-plate  aperture  during  the  measurements 
of  slot  coupling. 

For  a  particular  depth  of  cut  and  a  specific  angle  of  inclination  of  the 
slot,  a  resonant  frequency  exists  at  which  maximum  power  will  be  radiated  from 
the  slots.  3y  roughly  choosing  a  slot  dimension  (~l/2  free-space  wavelength) 
for  a  resonant  frequency  that  is  slightly  higher  than  desired,  several  cutting 
and  measuring  operations  can  be  made  on  the  same  test  array  to  establish  the 
resonant  length  at  the  desired  frequency.  Swept  frequency  attenuation 
measurements  were  made  of  the  insertion  loss  through  the  array  of  5°  slots  to 
determine  the  resonant  frequency.  Although  sliding  the  load  in  the  exit 
aperture  affected  the  swept  frequency  response,  the  frequency  at  which  the 
maximum  attenuation  occurred  was  accurately  determined  to  be  the  resonant 
frequency.  After  several  iterations,  the  resonant  length  was  determined. 
This  process  was  repeated  for  four  other  test  arrays  having  slot  inclination 
angles  of  10°,  15°,  20°,  and  30°.  After  the  slot  depth  for  each  test  array 
was  carefully  measured,  a  graph  of  slot  angle  vs  depth  of  cut  was  generated 
(see  Fig.  3). 

The  test  arrays  were  also  used  to  establish  the  coupling  for  a  given  slot 
angle.  Accurate  insertion  loss  measurements  were  made  on  each  of  the  five 
test  arrays  at  the  resonant  frequency.  The  measurement  accuracy  is 
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0.430  in. 


"d"  -  DEPTH  OF  CUT 

6  -  ANGLE  OF  INCLINATION 


Fig.  1.  Slotted  waveguide  section. 
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SLOT  ANGLE  (deg) 


Fig.  3.  Graph  of  slot  angle  vs.  depth  of  cut. 


significantly  Improved  by  using  more  slots  (20).  The  Insertion  loss  may  be 
related  to  the  coupling  of  the  slot  by: 


L  -  lOlog  (1-C)n 


therefore. 


C  =*  1 


where  L  =  measured  insertion  loss  (dB)* 

C  ■  coupling  ratio 
n  »  number  of  slots 


(2) 


(3) 


A  graph  of  slot  angle  of  inclination  vs.  coupling  was  plotted  from  the 

measured  data  (see  Fig.  4).  The  mutual  coupling  effects  are  accurately  taken 

into  account  by  the  large  number  of  slots  measured  (20  in  this  case).  In 

agreement  with  theory,  the  coupling  (equal  to  the  normalized  conductance) 
2 

follows  a  k  sin  0  curve,  where  k  is  a  constant  determined  empirically,  and  0 
is  the  angle  of  the  slot^  .  When  the  proper  constant  is  determined  (k-0.894 
in  this  case),  the  k  sin  0  expression  is  used  to  compute  the  specific  slot 
angles  that  will  produce  the  required  distribution. 

The  excitation  coefficients  of  the  individual  slots  were  computed  to 
satisfy  a  Dolph-Tchebyscheff  distribution.  This  distribution  was  chosen 
because  it  will  produce  the  lowest  sidelobe  level  for  a  given  beamwidth. 
Also,  this  distribution  can  be  computed  in  terms  of  the  sidelobe  level.  The 
sidelobe  level  was  specified  at  -50  dB  to  compute  the  excitation 
coefficients.  This  level  was  chosen  because  the  measured  sidelobe  level  is 
usually  10  dB  or  30  higher  than  the  theoretical  value  because  of 


The  waveguide  insertion  loss  was  small  compared  with  the  coupling  insertion 
loss  and,  therefore,  was  ignored  in  the  computations. 
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Implementation  Inaccuracies.  The  actual  coefficients  were  computed  using  the 
van  der  Maas^l  approximation,  which  Is  an  aid  In  computing  coefficients  of 
large  arrays.  The  slot  Inclination  angles  were  computed  to  achieve  the 
required  excitation  coefficient  by  selecting  the  conductance  value  of  the  last 
element.  This  value  must  be  selected  within  definite  bounds.  If  the  value  Is 
chosen  too  small,  more  power  than  necessary  will  be  dissipated  In  the  load, 
thereby  making  the  antenna  less  efficient.  If  the  value  Is  chosen  too  high, 
the  conductance  values  in  the  middle  of  the  array  will  be  unachievably 
large.  The  conductance  value  of  the  56th  element  that  best  satisfied  these 
conditions  was  .01.  This  value  will  produce  a  matched  condition  over  the 
required  bandwidth,  and  restrains  the  maximum  required  slot  angle  to  less  than 
20°  and  the  power  dissipated  In  the  load  to  5.5%  (0.25  dB  loss). 

Theoretical  E-plane  patterns  were  plotted  consistent  with  design 
parameters  previously  mentioned.  Plots  over  an  angular  range  of  ±90°  are 
illustrated  in  Figs.  5A,  5B,  and  5C.  Figures  6A,  6B,  and  6C  are  expanded 
plots  with  Identical  Input  parameters  over  a  reduced  angular  range  of  ±20°.  A 
listing  of  the  Input  parameters  is  located  In  the  upper  left-hand  corner  of 
each  plot.  It  can  be  seen  from  the  plots  that  the  calculated  3  dB  beamwidth 
Is  1.9°,  which  Is  slightly  larger  than  the  1.75°  required.  The  sldelobe 
levels  are  more  than  40  dB  down.  The  skew  angle  varies  from  2.2°  at  20.2  GHz 
to  4.1°  at  20.7  GHz. 

The  fabrication  process  began  by  generating  a  table  of  angle  and  depth  of 
cut  for  each  of  the  56  elements  in  the  array  for  two  separate  arrays.  Array  1 
sets  the  last  element  conductance  value  to  0.01  which  restricts  the  angles  to 
<20°.  Array  2,  was  designed  with  a  conductance  value  of  0.006  for  the  last 
element  which  restricts  the  angles  to  <17°  (see  Fig.  7).  Both  arrays  1  and  2 
were  built  to  compare  their  electrical  performance.  Each  array  consists  of  a 
27-inch  length  of  WR-42  copper  waveguide  with  56  slots  machined  into  the 
narrow  waveguide  wall.  The  slot  machining  process,  which  was  performed  on  a 
numerically  controlled  milling  machine,  oroduced  the  accuracies  required  in 
the  depth  and  angle  of  cut  in  each  of  the  56  9lots.  The  waveguide  section  at 
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Fig.  6.  ±20°  theoretical  E-plane  pattern 
(a)  at  20.2  GHz,  (b)  at  20.45  GHz,  (c)  at 
20.7  GHz. 
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Fig.  7.  Table  of  slot  angle  and  depth  of  cut  for 
array  ]  and  2. 


this  stage  of  fabrication  can  he  seen  in  Fig.  8.  The  waveguide  section  was 
then  placed  between  parallel  plates  in  the  configuration  shown  in  Figs.  9  and 
10.  The  absorber  placed  on  the  broad  walls  of  the  waveguide,  as  indicated  in 
Fig.  9,  is  intended  to  dissipate  any  power  reflected  from  the  exit  aperture. 

8.  Circular  Polarizer 

A  conventional  parallel  plate  polarizer  converts  a  linearly  polarized 
plane  wave  into  a  circularly  polarized  wave  by  using  of  rectangular  vanes 
(plates)  oriented  at  45°  to  the  incident  electric  field.  The  spacing  and 
length  of  the  vanes  is  chosen  to  introduce  a  90°  difference  in  phase  of  waves 
propagating  parallel  and  perpendicular  to  the  vanes,  thus  converting  the 
linearly  polarized  wave  to  a  circular wave.  A  polarizer  of  this  type, 
which  attaches  to  the  exit  aperture  of  the  array,  was  developed,  although  it 
differs  somewhat  from  the  planar  circular  polarizer.  It  consists  of  32  vanes 
of  0.062-inch  sheet  aluminum  that  are  spaced  0.748-inch  apart  by  means  of  a 
holder  (see  Fig.  11).  Since  the  array  (a  line  source)  radiates  a  cylindrical 
wave,  the  inner  and  outer  contours  of  the  individual  vanes  are  curved  to 
conform  to  the  cylindrical  wave.  The  inner  contour  of  the  vanes  is  derived  as 
the  intersection  of  a  45°  inclined  plane  with  a  right  circular  cylinder, 
therefore,  it  is  semielliptical  and  the  major  axis  of  the  ellipse  is  normal  to 
the  direction  of  propagation.  The  outer  contour  is  derived  from  the  inner 
contour  that  is  concentric  to,  and  0.675  inch  larger  than,  the  inner 
ellipse.  This  design  was  found  to  produce  a  better  elliptlclty  ratio  and  less 
distortion  of  the  radiation  patterns  in  the  elevation  plane  than  an 
alternative  planar  polarizer  design. 
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Fig.  8.  24-in.  slotted  waveguide. 


15 


tnmmmmi  H  i  I  iw 


WAVEGUIDE 


MOUNTING 

BRACKET 
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III.  PERFORMANCE 

The  measured  performance  of  the  array  is  summarized  in  Fig.  12.  Some  of 
the  details  of  these  measurements  are  described  in  the  following  sections. 

A.  Radiation  Patterns 

The  radiation  patterns  presented  in  this  section  were  measured  on  the 
2000-ft.  ground  reflection  range  at  the  Lincoln  Laboratory  Antenna  Test  Range 
facility.  The  test  array,  which  in  every  case  was  operating  in  the  receive 
mode,  is  rotated  to  produce  the  desired  patterns  by  means  of  an  azimuth-over- 
elevatlon-over-azimuth  positioner  (see  Fig.  13).  Patterns  were  measured  at 
three  discrete  frequencies  over  the  band  (20.2,  20.45,  and  20.7  GHz),  with  and 
without  the  circular  polarizer.  Also,  the  array  with  polarizer  was  measured 
over  a  metal  ground  plane  (20.45  GHz  only),  to  simulate  the  environment  of  a 
paging  antenna  mounted  on  top  of  a  mobile  vehicle. 

1.  Linear  Array 

Figures  14A  and  14B  represent  of  the  measured  radiation  patterns  of  arrays 
1  and  2  without  polarizer  across  the  500-MHz  band.  The  particular 
measurements  Illustrated,  which  were  taken  at  20.45  GHz  on  array  1,  reveal  a 
half-power  heamwidth  of  1.56°  and  sidelobe  levels  that  are  greater  than  30  dB 
down  (except  for  the  first  sidelobe)  and  typically  greater  than  40  dB  down 
from  the  main  lobe.  In  the  H-plane  the  measured  half-power  beamwidth  is 
64°.  The  3-dB  azimuth  beamwidth  is  approximately  18%  narrower  and  the 
sidelobe  levels  are  about  10  dB  higher  than  computed  (see  Fig.  5B).  Their 
effects  are  apparently  caused  by  an  aperture  distribution  with  somewhat  less 
taper  than  planned.  Additional  theoretical  radLatlon  patterns  generated  up  to 
21.2  GHz,  which  indicates  that  the  upper  end  of  the  band  could  be  increased  to 
this  frequency  without  any  major  degradation  in  performance. 

An  unwanted  characteristic  of  an  edge  slot  waveguide  array  is  that  it 
radiates  a  strong  cro33-polar ized  component  in  the  E-plane  approximately  ±45° 
from  the  main  beam^l.  A  radiation  pattern  (Fig.  15)  to  measure  this  effect 
revealed  a  component  located  ±42°  at  a  level  16  dB  down  from  the  main  beam. 
This  effect  compromises  somewhat  the  antijamming  capability  of  the  array, 
although  it  is  considered  minor  because  the  beamwidth  of  the  lobe  is  so 
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Fig.  12.  Summary  of  array  measurements. 
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Fig.  14.  (a)  Typical  azimuth  (E-plane)  pattern  -  linear  array.  (b)  Typical 

elevation  (H-plane)  pattern  -  linear  array. 
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narrow.  Cross  polarization  vane  suppressors  could  be  added  between  the  slots 
to  reduce  this  effect  but  were  not  felt  to  be  necessary  for  this  application. 

2.  Circularly  Polarized  Array 

Similar  patterns,  as  with  the  array  alone,  were  measured  of  the  array  with 
circular  polarizer  (see  Figs.  18A  and  18B).  The  method  used  to  generate  the 
polarization  patterns  (axial  ratio  as  a  function  of  angle)  was  to  continuously 
spin,  In  polarization,  the  linear  source  antenna  while  recording  the  desired 
pattern.  For  convenience  of  analyzing  the  polarizer,  the  E-  and  H-plane 

principal  plane  cuts,  which  were  taken  with  a  stationary  source  antenna,  were 

overlayed  onto  the  polarization  pattern.  Patterns  In  the  elevation  plane 

(Fig.  16)  indicate  an  axial  ratio  of  approximately  3  dB  over  the  angular  range 
of  ±30°.  The  polarizer  performs  as  well  as  can  be  expected  at  angles  greater 
than  18°  from  the  main  beam,  considering  the  beamwldth  difference  In  the 

vertical  E-  and  U-plane.  The  azimuth  polarization  patterns  (see  Fig.  17) 
reveal  a  deterioration  of  the  sldelobe  structure  especially  in  the  area  of  the 
cross-polarized  component  at  ±42°  from  the  main  beam.  These  detrimental 
effects  are  attributed  to  reflections  from  the  polarizer  vanes  at  the  exit 
aperture. 

3.  Circularly  Polarized  Array  on  Ground  Plane 

A  2x2-foot  aluminum  ground  plane  was  attached  to  the  array  as  shown  in 
Fig.  18  to  simulate  the  top  of  a  vehicle  on  which  the  antenna  might  be 
mounted.  Elevation  polarization  patterns  were  measured  at  20.45  GHz  for  three 
separate  angular  positions  of  the  array  to  the  ground  plane  (0»3O°,  45°,  60°), 
and  with  and  without  the  ground  p1  ine  covered  with  absorber.  The  measured 
patterns  (Figs.  19A  and  19B)  reveal  an  Interference  between  the  direct  signal 
and  reflected  signal  from  the  ground  plane.  As  might  be  expected,  this 
condition  Is  most  severe  at  the  smallest  angle  9  where  more  of  the  radiated 
energy  is  incident  upon  the  ground  plane.  The  effect  of  the  absorber  In 
reducing  the  reflected  signal  can  be  observed. 

B.  Impedance 

Swept  frequency  return  loss  measurements  were  performed  on  the  slot  array 
with  and  without  polarizer  (see  Fig.  20).  Maximum  VSWR  over  the  frequency 
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RELATIVE  POWER  (dB) 


band  is  1.07  without  the  polarizer  and  1.11  with  the  polarizer.  In  either 
case  the  impedance  match  is  well  within  the  design  goal. 

C.  Gain 

The  gain  measurements  were  conducted  using  the  substitution  technique, 
where  a  linearly  polarized  standard  gain  horn  is  compared  with  the  array  In  a 
linearly  polarized  field  from  the  source  antenna.  The  measured  on-axis  gain 
at  20. 45  GHz  without  the  polarizer  is  approximately  24.0  dBl,  which  computes 
to  an  efficiency  of  approximately  60%.  Considering  the  tapered  amplitude 
distribution,  the  measured  gain  is  within  reason. 

The  gain  of  the  circularly-polarized  array,  which  is  computed  for  a 
perfectly  circularly-polarized  source,  is  22.0  dBi  at  20.45  GHz.  The  gain  of 
the  array  with  polarizer  is  approximately  1.8  dB  lower  than  the  gain  without 
polarizer. 
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IV.  CONCLUSIONS 

A  summary  of  the  performance  of  an  EHF  waveguide  slot  array  follows: 
measurements  conducted  over  the  frequency  band  revealed:  gain  is  greater  than 
or  equal  to  22.0  dBi,  E-plane  half  power  beamwidth  is  1.568,  and  H-plane  half 
power  beamwidth  is  65°.  Except  for  the  first  sidelobe  and  the  cross  polarized 
grating  lobes  at  approximately  45°,  the  sidelobe  levels  are  less  than  -30  dB 
and  typically  less  than  40  dB  from  the  peak  of  the  main  lobe.  These  results 
agree  reasonably  well  with  the  computed  theoretical  values. 

The  measured  results  on  the  array  give  realistic  figures  on  which  to 
evaluate  its  performance  as  a  paging  antenna.  Further  refinements  could  yield 
somewhat  improved  performance.  Improvements  in  the  polarizer  could  perhaps 
increase  the  gain  by  as  much  as  1.8  dB,  up  to  the  linearly  polarized  level, 
and  reduce  the  sidelobe  levels.  The  unwanted  cross-polarized  component  might 
also  be  suppressed  by  means  of  a  spatial  filter.  Finally,  the  ground  plane 
interference  effect  could  also  be  Investigated  further  to  find  a  practical 
means  of  attenuating  the  reflected  signal  from  the  ground  plane. 
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